Metastable Ti 1-x Al x N (0.4 ≤ x ≤ 0.76) films are grown using a hybrid approach in which high-power pulsed magnetron sputtering (HIPIMS) is combined with dc magnetron sputtering (DCMS). Elemental Al and Ti metal targets are co-sputtered with one operated in HIPIMS mode and the other target in DCMS; the positions of the targets are then switched for the next set of experiments. In both cases, the AlN concentration in the co-sputtered films, deposited at T s = 500 °C with R = 1.5-5.3 Å/s, is controlled by adjusting the average DCMS target power. Resulting films are analyzed by x-ray diffraction, scanning electron microscopy, transmission electron microscopy, atomic force microscopy, elastic recoil detection analysis, and nanoindentation. 
I. Introduction
Thin films of metastable NaCl-structure Ti 1-x Al x N exhibiting high hardness (typically 30 GPa) and good high-temperature oxidation resistance are used for wear protection in a wide variety of applications ranging from cutting tools to mechanical components in the aerospace industry. 1 Enhanced performance is obtained at elevated temperatures for alloy films with high AlN content. However, kinetic solid solubilities of wurtzite-structure AlN in cubic TiN have been shown to depend sensitively on film growth parameters. 2 At thermodynamic equilibrium, the solubility of AlN in TiN is low, only 2 mol% at 1000 °C 3 and 5 mol% at 2425 °C. 4 The calculated Ti 1-x Al x N enthalpy of mixing is positive over the entire range of composition and reaches a maximum (corresponding to the largest driving force for decomposition) at x = 0.68. 5 Nevertheless, metastable NaCl-structure alloys can be obtained by physical vapor deposition due to kinetically-limited low-temperature growth and dynamic low-energy ion-irradiation-induced mixing in the near-surface region. In conventional dc magnetron sputter (DCMS) deposition, reported kinetic AlN solubility limits in cubic Ti 1-x Al x N alloys are typically x max  0.50 at film growth temperatures T s = 500 °C, 6, 7 while x max values up to 0.66 have been reported using cathodic arc evaporation. 8, 9 However, the resulting films have very high compressive stresses ranging up to -5 GPa (ref. 10) for DCMS and -9.1 GPa (ref. 11) for arc-deposited films.
It has been demonstrated previously that both the energy E i and the ion-to-metal flux ratio J i /J Me incident at the growing film significantly affect film microstructure and physical properties of T 0.5 Al 0.5 N alloys grown by DCMS. 12 Low E i (≤ 20 eV) with high J i /J Me values (≥ 5.2) lead to film densification, larger grain size, and low residual stress. In contrast, films grown with the same total kinetic energy at the substrate, but with high values of E i (≥ 100 eV) and J i /J Me  1 result in excess N incorporation, residual point defect concentrations, decreased average column widths, high compressive stresses, and precipitation of second-phase wurtzite-structure AlN. 13 A 4 potentially attractive and unique feature of high-power pulsed magnetron sputtering (HIPIMS) 14 is the ability to ionize up to 90% of the sputtered metal flux, 15 depending upon the metal. Thus, HIPIMS offers the opportunity to increase momentum transfer to the growing film, while providing enhanced adatom mobilities and higher probabilities for overcoming Ehrlich step-edge barriers, 16, 17, 18, 19 utilizing sputtered metal atoms which are ionized in the plasma. 20 Here, we report results of an investigation of the growth of polycrystalline Ti 1-x Al x N films by co-sputtering from separate elemental metal targets, Al and Ti, in a hybrid HIPIMS/DCMS configuration in order to selectively control the composition of metal ion fluxes during ionassisted growth. Two independent sets of experiments are performed. In the first set, the Al target is powered with HIPIMS, while the Ti target is operated with DCMS. The positions of the targets are then switched for the second set of experiments. Thus, we separately probe the role of intense Ti n+ and Al n+ ion fluxes (n = 1,2) from HIPIMS-powered targets on film growth kinetics, microstructure, and physical properties over a wide range in metastable alloy compositions. In these experiments, we investigate the composition range 0.40 ≤ x ≤ 0.76 in order to determine the effect of metal ion flux on AlN solubility in metastable NaCl-structure solid solutions.
We demonstrate that high-AlN-concentration Ti 1-x 
Measured  values are used to determine the residual stress through Hooke's law of linear elasticity as:
where  is Poisson's ratio and E is the elastic modulus. Experimentally, the in-plane stress is extracted from the slope of  vs. sin 
While (x) is unknown for Ti 1-x Cross-sectional transmission electron microscopy (XTEM) specimens are prepared by mechanical polishing, followed by Ar + ion milling (3-4 h) carried out at 5 kV with an 8° incidence angle. During the final thinning stages (10-20 min), the ion energy and incidence angle are reduced to 2.5 kV and 5°, respectively. Film microstructure is analyzed using an FEI Tecnai G2 TF 20 UT microscope operated at 200 kV. Energy dispersive spectroscopy (EDS) mapping, to assess lateral compositional uniformity, is performed in the scanning transmission electron microscopy (STEM) mode.
III. Results

A) Ion irradiation during film growth
Ion-energy-distribution functions at the substrate are plotted in Figure 1 for Al and Ti targets sputtered separately in both HIPIMS and DCMS modes. Average ion energies and 10 percentage contributions to the total ion flux are listed in is not detected. The diffraction peaks from Al-HIPIMS/Ti-DCMS films with x = 0.40 (Fig. 3a) , are clearly shifted toward higher diffraction angles with respect to reference TiN powder patterns 29 (e.g., 2  = 43.23° vs. 42.60° for TiN); whereas the Ti-HIPIMS/Al-DCMS ( Thus, the N 2 partial pressure is too low for this set of deposition conditions. GPa with x = 0.75. 
IV. Discussion
As demonstrated in Sec. III, the choice of target configuration used to grow Ti 1-x It has been demonstrated that ion irradiation during film growth can play a crucial and deterministic role in establishing film nanostructure. 12 The kinetic energy KE incident at the film surface is a product of the average ion energy E i and the ion-to-metal flux ratio J i /J Me . Evolution In the present experiments, carried out in mixed Ar/N 2 atmospheres, an energetic flux of metal ions (with a high-energy tail), in addition to gas ions, is incident at the growing film during the HIPIMS pulses, as shown in Fig. 1 . Sputtering from the DCMS target yields a continuous flux of low-energy ions, E i  2 eV, dominated by Ar + ( 85%, see Table 1 ) with minor contributions from metal (6-10%) and N 2 + (5-8%) ions. During the HIPIMS pulses, the metal ion fraction in the ionized flux bombarding the film surface increases to 27% for Al + (the Al 2+ flux is insignificant) and 25% for the sum of Ti + and Ti 2+ ions, which is comparable to that of Ar provide films with similar hardness, H  24 GPa, which are primarily NaCl-structure, with a small volume fraction of -Ti 2 N due to the high Ti/nitrogen flux ratio. However, significant differences in phase content between Al-HIPIMS/TI-DCMS and Ti-HIPIMS/Al-DCMS films are observed at higher x. Ti 1-x Al x N alloys grown in the former configuration retain the NaClstructure, whereas Ti-HIPIMS/Al-DCMS films contain an increasing volume fraction of hexagonal AlN, which has a low hardness and elastic modulus. 37 As evident from both XRD and XTEM results in Sec. III.C, AlN solubility in NaClstructure Ti 1-x Al x N is significantly higher when HIPIMS is applied to the Al, rather than the Ti, target. With the Ti-HIPIMS/Al-DCMS configuration, the alloy is found to decompose to two phases over the composition range 0.40 < x < 0.53. The NaCl-structure solubility limit extracted mode. Moreover, in both cases, the mean energies of the primary metal and gas ions incident at the growing film surface during dc magnetron sputter deposition between the HIPIMS pulses have similar low values (due to narrow IEDFs), 12 to 13 eV (see Table 1 ) including the floating potential.
However, the situation is quite different during the high-energy HIPIMS pulses. Broad metal-ion IEDFs (see Fig. 1 
V. Conclusions
We use a hybrid HIPIMS/DCMS co-sputtering configuration, in which one target (either Ti or Al) is powered by HIPIMS while the other is powered by DCMS, to grow metastable 
VI. Acknowledgements
